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PREFACE

This report describes the progress of work conducted between 1 July 1966
and 31 December 1966 by the Pratt & Whitney Aircraft Division of United
Aircraft Corporation, East Hartford, Connecticut on Contract NAS3-7609,
Development of Main-Shaft Seals for Advanced Air-Breathing Propulsion
Systems, for the Lewis Research Center of the National Aeronautics and
Space Administration.

Richard M. Slayton is Project Manager for Pratt & Whitney Aircraft for
this program.

The following National Aeronautics and Space Administration personnel have
been assigned to this project.

Contracting Officer J. H. DeFord
Contract Administrator T. J. Charney
Project Manager D. P. Townsend
Research Advisor L. P, Ludwig
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SUMMARY

This report covers the work accomplished during the third six-month period
(July 1966 through December 1966) of the NAS3-7609 contract which was initiated
29 June 1965 and extends for a total of 24 months.

Briefly, the objective of the work to be accomplished is to analyze, design,
procure, and test four types of main-shaft seals for advanced gas-turbine
applications.

A program summary is presented in Figure 1. The work accomplished during
this six-month period is outlined below.

1.

s o o e B O e S o O e o TTe s .

Contacts with vendors were continued in relation to the seals to be
evaluated.

Detailed analytical studies of all seal configurations were continued.

Approval was received from NASA for the last seal concept to be
evaluated. This was the externally pressurized hydrostatic seal.

Procurement of all types of seals to be evaluated was started and
all but the face contact seal with bellows secondary seal have been
received.

Builds numbers 2 through 6 of the face contact seal with piston ring
secondary seal were completed, and tests were run at simulated
engine conditions (200 to 400 ft/sec rubbing surface speed with air
temperatures from ambient to 1200°F and with oil at 250°F).

Builds numbers 1 through 7 of the orifice-compensated hydrostatic
seal were completed. Preliminary dynamic testing resulted in
rubbing and excessive leakage with the greater amount of rubbing
occurring on the inner seal lip. This indicates that the seal com-
ponents were not parallel when the rub occurred.

The instrumentation validation rig was used in the development of
the carbon wear and the seal torque-measuring instrumentation.
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SEMIANNUAL REPORT NO. 3

DEVELOPMENT OF MAIN-SHAFT SEALS
FOR ADVANCED AIR BREATHING
PROPULSION SYSTEMS

by

R. L. Thomas, A. J. Parks, and R. M, Slayton

ABSTRACT

Four main-shaft seals for advanced gas-turbine applications have been designed
and are being analyzed and tested. The seals being studied are an orifice-
compensated hydrostatic face seal, an externally pressurized hydrostatic face
seal, a carbon-face-contact seal with a bellows secondary seal, and a carbon-
face-contact seal with a piston-ring secondary seal. During the report period,
Builds 2 through 6 of the face seal with piston-ring secondary seal and Builds

1 through 7 of the orifice~-compensated hydrostatic seal were tested. In addition,
development testing on instrumentation to measure carbon seal wear and

seal torque was conducted.
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I. INTRODUCTION
The objective of the program established by Contract NAS3-7609 is to analyze,
design, and test four types of main-shaft seals for advanced, air-breathing,
propulsion systems. Test effort is being directed toward:

1. Determining the characteristics of improved main-shaft seals;

2. Establishing acceptable operational limits for such seals in terms of
temperature, speed, and pressure differential; and

3. Establishing a measure of reliability (wear and stability) for such
seals.

This report discusses the analytical design and test efforts conducted during the
third six-month period of the contract.
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II. DISCUSSION

A, TASK I~ MAIN-SHAFT SEAL DESIGN

1. INTRODUCTION

Task I of Exhibit A of the contract specifies that the Contractor shall design and
analyze one seal assembly of each of the following four types:

1. An orifice-compensated, hydrostatic, face seal;

2. An externally pressurized, hydrostatic (floating face) seal;

3. A carbon face-contact seal with a bellows secondary seal; and
4. A carbon face-contact seal with a piston-ring secondary seal.

The seals were required to be capable of operating at the following conditions:

Seal Sliding Speed 0 to 500 ft/sec.
Seal Pressure Differential 0 to 300 psi

Gas Temperature Ambient to 1300°F
Oil Sump Temperature Ambient to 500°F

Four seal assemblies have been designed to meet the contractual specifications.
The first three types of seals listed above were designed by the Stein Seal Com-
pany and were discussed in the second semiannual report (PWA-2879). The
last type was designed by Pratt & Whitney Aircraft and was discussed in the
first semiannual report (PWA-2683). The seal design characteristics are sum-
marized in Table I. '

TABLE I

MAIN-SHAFT SEAL CHARACTERISTICS

Capable
Single Double of Being
Seal Film Orifice Piston Ring Piston Ring Beliows  Externally

Designation Riding Compensated _Secondary Secondary  Secondary Pressurized

A (Stein) X X X

B (Stein) X X X X
C (Stein) X X
P&WA

Design X

A Orifice compensated hydrosiatic face seal

B Externally pressurized orifice compensated hydrostatic face seal
C Face contact with bellows secondary

PWA Face contact with piston ring secondary

PAGE NO. 2
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During the current report period, detailed deflection analyses were performed

for the three Stein-designed seals and the thermal analysis for the Pratt &
Whitney Aircraft-designed seal was modified to account for the transfer of

energy which bypasses the oil passages in the seal plate. Subsequently, a thermal
analysis of the carbon face-contact seal with piston ring secondary seal was per-
formed. '

2, DEFLECTION ANALYSIS

a. ORIFICE-COMPENSATED HYDROSTATIC FACE SEAL

The seal housing, seal plate deflection analysis for the orifice-compensated hy-
drostatic face seal was based on the work of R, T.Roark*., For analysis, the
seal is considered to be composed of three sections, as shown in Figure 2.
Section A is assumed to be a thick-walled cylinder exposed to a uniform internal
and external radial pressure; section B is assumed to be a thick-walled cylinder
exposed to a uniform internal pressure; and section C is assumed to be a ring
fixed at the inner edge and uniformly loaded. Pertinent dimensions are shown in
Figure 3.

@ - ¢

/ SEAL PLATE
/ CARBON

CARRIER

Be

Figure 2  Analytical Sections of Orifice-Compensated Hydrostatic Face Seal

The radial deflection of the carbon is represented by the following equation from
Roark.

A E 2 2 E 2 2
b™ -a

1 b™ -a 1

s - Pl(b) 2a2 Po(b) (az +b2 _ V)
1 @)

*R. T.Roark, Formulas for Siress and Strain, McGraw-Hill, New York, 1954

PAGE NO. 3




PWA-2996

PRATT & WHITNEY AIRCRAFT

w

7 PL=300 PSIA
3

LT F - @
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CARRIER

Figure 3 Dimensions and Loading for Orifice-Compensated Hydrostatic Face

Seal Analysis
where:
P = 300 psia
E 1 - 3.0x 106 (Young's modulus of elasticity for carbon)
A 0.25 (Poissons ratio)
a = 3.1in.
b = 3.8in.

The radial deflection of the carrier is represented by:

P_(b) b2 + o2 | |
s = TE, \Z- 2 V2 @)

2

30 x 106 (Young's modulus of elasticity for steel)

=1
It

c = 4.6 in.

The deflections of the carbon and carrier are equal to ensure continuity of
structure. Therefore,

%y = 8 (3)

paGeE No. 4
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and Po can be determined (for a press fit) to be 225. 9 psia. Consequently,

8, = b, = 0.00016 in (@)

The pertinent dimensions for the seal plate are shown in Figure 4. This section
is considered to be a ring fixed at its inner edge and uniformly loaded (Figure 5).

¢ - | ¢

4
3.0’

!

SEAL
PLATE

Pt

75~

Figure 4 Dimensions for Orifice-Compensated Hydrostatic Face Seal Plate
Analysis

e I

>

Figure 5  Analytical Model of Seal Plate

The equation for bending (from Roark) is:

4
y. = awa
B E’c3 (5)
where
a = 0.00372 constant that is geometry dependent
w = 300 psi
a = 3.7in,
E = 30x10° (Young's modulus of elasticity for steel)
t = 0,75 in.
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Hence,
yg = 0.000017 in, 6)

For shear, the equation is

2
yS = Q’-'i—ééw—a' [2 nae -1 +-c]_;2] G
where:
a = 1,23 = outer radius/inner radius
G = 12x 106 = shear modulus
Substituting the appropriate values yields
y, = 0.0000125 in., (8)

Consequently, the total deflection (neglecting bending and shear caused by loading
on the outer edge) is

y, = 0.0000295

Geometric similarities tend to eliminate angular misalignment in the carbon and -
carrier. The total deflection of the seal plate interference with the seal-carrier
is shown in Figure 6.

q. - T - CL
!
SEAL PLATE
ol
CARBON
.0000295 ~ l<— CARRIER

Figure 6 Deflection of Seal Plate in Orifice-Compensated Hydrostatic Face
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b. EXTERNALLY PRESSURIZED HYDROSTATIC SEAL

The externally pressurized hydrostatic seal was assumed to consist of four parts
plus the seal plate for the purpose of analysis, as shown in Figure 7. The seal
plate for this seal is essentially the same as that of the orifice~compensated
hydrostatic face seal, and, therefore, the analytical results are the same.
Analysis of the remainder of the seal has been started. The procedure has been
determined and a computer program has been written to solve the equations
simultaneously for the resultant deflections.

3 I - — - S
b: 3"
J_ C=3]25 . ’=35]4vu
P, = 300 PSIA
) d = 3.84"
a =37 SEAL AR *Di* P, = 320 PSIA
PLATE [€ 2
<~ > OR'A **** X e =436
 « ] i : 9= 4.07"
' l« ] cArRBON } J( (@ [« SPRING FORCE
e I I I SO
. Po Mo P
Y v ¥ v ¥ * Y ¥ ¥
M V, M
3 3 « SPRING FORCE
® s @ ‘
CARRIER
¥
< > -« to 4 14 = 0.326"
4+ 1y = 0.715"

Figure 7 Dimensions and Loading for Externally Pressurized Hydrostatic
Seal Analysis

For body number 1,

2 ' Pd 2, 2
61=1;1d (2; 2) - "E (cz+d2""1\' V03+ M22
1 d -c 1 d”-c / 2D ] 2DA]
(10)
where
P1 = 300 psia
E1 = 3x 106 psi (Young's modulus of elasticity for carbon)

PAGE NO. 7
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V1 = 0,25 (Poisson's ratio)
¢ = 3,125 1in
d = 3.841in
Vo = transverse shear normal to wall
M2 = uniform radial moment
3 2.
D, = Et°/ 12 (1-v]) (11)
tl = 0,715 in
N, = (12)
Rpm, = 3.482 in.
For body number 2:
P d 2 2
& - 2 2f _ P0d (f +d2 _ v)+ Vo M2 (13)
2 E 2 2 E 2 2 1 3 2
1 d - 1 - A
| f d f 2D2 9 2D2)\2
where:
P‘2 = 320 psia
f = 3.514 in.
d = 0.84
t = 0.326 in (for calculating Dy and A o)
Rmz = 3.677 in (for calculating )\2)
For body number 3:
P 2
60 2d Vs Mg
% = & 2 2 3 2 (14)
- A
2 e d 2D3 3 2D3 A 3
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PRATT & WHITNEY AIRCRAFT

where:
e = 4,367 in
t = 0,715 in
Rm3 = 4,103 in

For body number 4:

P 2 A M
5 _ _ob 2d i 3 . 3
4 E 2 3 2
2 g -d 2D4 )\4 2D4 )\4
where:
g = 4,07 in
Eg =30x10 psi (Young's modulus of elasticity for steel)
t = 0.326 in
Rm4 = 3.96 in

PWA-2996

(15)

The equations for the angular displacement of each of the bodies are as follows.

For body number 1:

Vv M M
o) 2 0
e, = - —mm— 4+ — 3 ——

1 2 D
2D1 A 1 11 171
For body number 2:

\% M M
. 9o -2 o
2 A D
2 2D2>\2 2Dy Ao Dy

For body number 3:

M M
o = V3 3 (o}
3 2 A.D A D

A
2D33 3 3 3 3

For body number 4:

v M M
3 3

D AD
4 2D)\2 >\44 4 4

PAGE NO. 9
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Angular and radial displacements are equated to ensure continuity of structure:

(20)

These equations were solved simultaneously and the following results were
obtained.

Pressure Associated with Press Fit, P, 218.78 psia

Radial Deflection, $ 0.00028 in
Angular Deflection, © - 0.00002 in/in

c. CARBON FACE-CONTACT SEAL WITH BELLOWS SECONDARY SEAL

The analysis of the carbon face contact seal with a bellows secondary seal to
determine deﬂec’qions was also based on the equations of Roark. Seal plate
deflections are the same as for the other Stein-designed seals.

qQ —

I
a

P, = 300 PSIA

LI

CARBON .

SEAL PLATE

0

2 2 S D

T
om
ar
or

I
T T T
B R 2 A

CARRIER JJ' ul
Y

Figure 8  Analytical Sections of Carbon Face-Contact Seal With Bellows
Secondary Seal

PAGE No. 10
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The radial deflection of the carbon, aca , is represented by the equation,

rbon
p 2
> : -
carbon E1 2’ - b2 E1 \ a2 _ b2 1
where:
P, = Pressure associated with the press fit between the carbon and
the carrier
P; = 300 psia
E1 = 3x 105 (Young's modulus of elasticity for carbon)
v. = 0.25 (Poisson's ratio)
a = 3.751in
b = 3.1in

The radial deflection of the carrier is represented by the equation,

2 2
+
Po(a) a c

dcarrier 5 3 T VY (22)
E c -a
2
where:
E, = 30x 106 (Young's modulus of elasticity for steel)
c = 4,1 1in

The deflections of the carbon and the carrier are equal to ensure continuity of
structure, and, therefore, P, can be determined thus:

PO = 208. 35 psi (23)

and

= = O. i .
6carbon acarrier 00030 in (24)

3. THERMAL ANALYSIS

a. CARBON FACE-CONTACT SEAL WITH PISTON RING SECONDARY SEAL

The results of the first thermal analysis for the carbon face-contact seal with
piston ring secondary seal were presented in reports PWA-2837 and PWA-2879,

PAGE NO. 11
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This analysis was modified to permit energy to bypass the oil passages in the
seal plate. The resulting temperature distribution is shown in Figure 9. Figure
10 shows the temperature field for reduced rotational speed and Figure 11 shows
the temperature field for no heat generation at the interface. A test was run at
the conditions used for calculating data for Figure 10, and the measured tem-
peratures were found to be between those presented in Figure 10 and those in
Figure 11. Hence, it appears that the calculated power generation term based
on the assumed coefficient of friction and loading force is too high. Two further
modifications to the analysis are possible: a lower coefficient of friction could
be assumed or it can be assumed that the seal was film-riding. The second of
the assumptions was chosen and the analysis was performed as follows.

®  Rubbing Contact Seal
Coefficient of Friction 0.3
Normal Load Force 17 Ibs.
[ Power Generation at Seal Interface: 200 Btu/Min (17, 000 rpm) 500 fps.
No Heat Removal by Leakage Air
® Heat Transfer Coefficient at:
Stationary Surfaces: 1.0 Btu, Hr-Ft2_°F
0Oil Passage in Seal Plate 865 Btu/Hr-Ft2_°F
0Oil Passage in Bearing Race 260. Btu/Hr-FtZ—°F
Rotating Surfaces 200. -240, Btu/Hr-FtZ_°F
® 15 Lbs/Min Oil Flow (100 Scoop Efficiency)

1017
535 °F
AIR-OIL MIST
1300 F oo |18
300 PSIA
SHAFT 1023 1017
1098 ’/,|O3 ns 1023 |1017 Joio] 1008 cenL
SEAL—. + CARRIER
1030| 1030 |08 | 427009
1033 | 1038 |1050 |80 00!
1002 ] 1002
o8 o1 Ji062] 003 j00i
. S5—068
x a7a | 924
g 86l 11525
2./] 885 | 876 | 860 A
3 ? 783
806
Q ?
=¥ 792 /
g " 782
z 778 /\SEALP ATE
5 [
<DI / 788 773 769 767
751
737 | 719 697 | 686
OIL PASSAGE 535 °F
AIR-OIL MIST
506

Figure 9  Calculated Temperature Field for Carbon Face-Contact Seal With
Piston Ring Secondary Seal at Design Conditions
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® Rubbing Contact Seal
Coefficient of Friction 0.3
Normal Load Force 17 lbs.
® Power Generation at Seal Interface: 160 Btu/Min (13, 640 rpm) 400 fps.
® No Heat Removal by Leakage Air
® Heat Transfer Coefficient at: 9
Stationary Surfaces 1.0 Btu/Hr-Ft -°F
0Oil Passage Seal Plate 865 Btu/Hr-Ft2-°F
Oil Passage in Bearing Race 260. Btu/Hr-Ft2-°F
Rotating Surfaces 100, Btu/Hr-Ft2-°F
e 15 Lbs/Min Oil Flow (100% Scoop Efficiency)

PWA-2996

738 350 °F
AIR-OIL MIST
780 °F AIR 749|749 |749
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SHAFT 756 753
631 633 638 756 756 | 753 750 /E%ARlI_RIER
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2 749
/ 761| 76l 754 [750
% 607 610 | 616 |669 743
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. 7 ” 782
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/| « OIL PASSAGE
/] X
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Figure 10 Calculated Temperature Field for Carbon Face-Contact Seal With
Piston Ring Secondary Seal at Reduced Rotational Speed
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Figure 11 Calculated Temperature Field for Carbon Face-Contact Seal With
Piston Ring Secondary Seal and No Heat Generation at Interface

l PRATT & WHITNEY AIRCRAFT PWA-2996
l o Zero Power Generation at Interface
® No Heat Removal by Leakage Air
l ® Heat Transfer Coefficient at:
Stationary Surfaces 1.0 Btu/Hr-Ft2-°F
Oil Passage in Seal Plate 865. Btu/Hr-Ft2-°F
l Oil Passage in Bearing Race 260 Btu/Hr-FtZ-°F
Rotating Surfaces 100, Btu/Hr-Ft2-°F
. ® 15 Lbs/Min Oil Flow (100% Scoop Efficiency)
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Consider a control element (Figure 12) into which a fluid enters with enthalpy
rate WC,To and out of which a fluid leaves with enthalpy rate wC [To +HdT, / dx)dx ]
Total power generation within the element is defined as PLdx. P

hy(T, - T¢1) Ldx (SURFACE 1)

N
——dx — 14 dT
WCPTO——. oLy _——>wcp(To+?xA dx)

X

|

ho(T, - Tgo) Ldx (SURFACE 2)

Figure 12 Analytical Element for Seal Temperature Field Calculation Based
On Film-Riding Assumption

The heat transfe;r rates from the element to surfaces 1 and 2 are h1(Ty-Tg7)Ldx
and hg(T,-Tgo)Ldx, respectively.

At steady-state conditions, the rates that energy enters and leaves the element
are equal. Therefore,

dT

WCp T, +PLdx = WCp(TO+EQ dx) +h1(To-Tg1)Ldx + hg(T,-Tgo)Ldx (25)
Rearranging,

1To L g L_ _ PL _

& T brrh) oote -MiTs1thr Tedwep T owe, T (26)
where:

W = Mass fluid flow (Ib/hr)

Cp = Specific heat at constant pressure of fluid (Btu/lb-°F)

To = Temperature of fluid (function of x), (°F)

hy, h2 = Heat transfer coefficients at surfaces 1 and 2 respectively,

Btu/hr—ft2-°F)
Ldx = Surface area on either side of fluid (Ft2)
P = Uniform power generation per surface (Btu/hr-ft2)

Tg1s Tgo = Temperature of surfaces 1 and 2 respectively, (°F) (assumed
to be constant within the element dx)
X = coordinate in direction of fluid flow (ft)
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By defining:

K = (h1Tg1 + hg Tgp + P)

WG,

and substititing into equation 26,

dT

o) L
— T _ —
o (h1 + ho) WC, o-K 0
Rearranging:
dT (h, +h,) Ldx
KWC * —we, 0
g R
O (b +hy)L

PWA-2996

(27)

(28)

(29)

Equation 29 can be integrated directly if everywhere within the limits of integration
the denominator of the first term does not equal zero.

Also, to justify the assumption that Tg) and Tgo are constants within dx, the

range of integration should be small.

In terms of applying the solution of equation

29 to a finite-difference program on a digital computer, the assumption presents
no obstacle because temperatures must be taken as constant for finite distances.
Integrating equation 29 for

Yields:

Xx £ W

o
i~

To1 £ To& To2

KWC
Toz - (h; +h )L (h1 + ho)Lw

= 0
In KWC * WCp

T . —— P
ol (hy +hg)L

Defining:

NTU; and = NTU,

PAGE No. 16
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Substituting equations 32 into 31 and rearranging yields:

T ) KWCp _ eNTU1+NTU2 - KWCp 33
ol 7 (hy+hyL 02~ (hy+hy)L (33)

Equation 33 is the solution to the differential equation 26 but its form can not
be used in the TOSS computer program. The following analysis was, therefore,
required to alter equation 33 to a form suitable for the TOSS program.

To simplify the algebraic manipulations, equation 33 was written in the form

Top - Y = Z (Tp-Y) (34)
where:
v - KWCE
(hq +hg)L (35)
NT + j
z = e NTUL*NTU2 (36)

Multiplying both sides of equation 34 by WCp and rearranging yields:

YWCp (Z-1) = WCp (ZTgg - To1) (37)

Adding and substracting WCy, To2 to the right-side of equation 37 and rearranging
yields:

WCp(T02 -To1) = WCp(Z—l) (Y-Ty2) (38)

The left side of equation 38 is recognizable as the rate of change of fluid enthalpy.
To facilitate the identification of the right side of equation 38, the parameter Y
is written in terms of its constituents. Equation 38 becomes

_ - _pf P1Ts1 + hoTs2 + P
WC,(To2 - To1) = WCp(Z 1)( TR Too (39)

or,

- = - - h
WCp(Toz -~ Top) = WCp _(Z-L)P + WC(Z-1) (__1___ (TorTog) +

h1 +hy hy +ho

h; +h2

paceE NoO. 17
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Multiplying the numerator and denominator of the right side of equation (40) by
the surface area, L, and substituting equation 32 into the result yields

- Q(Z-1) (2-1)
WCh(To2-To1) NTU; + NTU; * NTU;+NTUp hy A(Ts1 - To2) +
hoA (Tgo - Toz)) (41)
where:
_ NTUL + NTU,
Q = PLy = Total power generation in the fluid (Btu/hr)
A = Ly = Area of either surface (ft2)

Finally, equation 41 may be written as

-1 - -
Z-1-NTU, NTU2)

- = +
Wep(Toz~To1) = @ Q( NTU,NTU;

(Z-1)A ) )
NTU; +NTU, (hl(Tsl To2) + hg (Tg2 Toz)) (42)

The sum of the second and third terms on the right side of equation 42 is seen
to be the effective convection heat transfer between the surfaces and the fluid.
The sum of the first and second terms is the effective power generated within
the fluid. The following electrical analogue sketch shown in Figure 13 demon-
strates the internal connections made in the TOSS program.

Q;-Q
Tq L S

hy (Z-1)
Hp = ——
1 NTU; + NTU,

hg (Z-1)
He, = NTO; F NTU;

Qg _ Q@-1
= WTO; ¥ NTU;

Figure 13 Electrical Analog of Seal Heat Transfer Analysis
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The conductance connection between fluid nodes is WC,. The conductance con-
nection between the surface and fluid nodes is HgA. Xn amount of power equal

to 1/2 (Qg-Q) is removed from each surface via a "dummy" boundary node.

An amount of power equal to Qg is added to the downstream fluid node via another
"dummy'' boundary node. Note that the net influx of power to the system is equal

to Q.

The power generated within the fluid is calculated from

Q - 471'2;J.AN2 rz‘ 43
T (43)

where,

Heat generated (Btu/hr)
= Viscosity of the fluid (Ib mass/ ft sec)
= Gravitational constant
Area of rubbing surface (ftz)
Rotational speed of seal plate relative to seal (rpm)
= Mechanical equivalent of heat (778 ft 1b/Btu)
= Mean radius of revolution (ft)
= Separation distance (thickness of fluid) between seal and
seal plate (ft)

wHSZPRTO

The heat transfer surface coefficients are determined from forced convection
considerations. The Reynolds modulus of the fluid is:

Re = L (44)

HA flow
where:
Aflow = Flow area (ftz)

The characteristics flow dimension used is the hydraulic diameter, D. At any

radius, r:
4 A
flow 4 27r ) 3
D= —/"7" = = 28 (45)
Py 2 (27r)
where:
P, = Wetted perimeter of the flow passage (ft)
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Consequently, at any radius
Re = W (46)
TTU

Finally, h1 and hg are determined from the approximate Nusselt modulus:

Nu = = | 47)

where:
K = Thermal conductivity of the fluid (Btu/hr-ft-°F)

The relationship between equations 46 and 47 depends, of course, on whether
the flow is laminar, transitional, or turbulent.

Temperature values calculated on the basis of this analysis will be compared
with the experimentally determined temperatures to determine if the film-

riding model is more accurate than the rubbing-contact model.

b. ORIFICE-COMPENSATED HYDROSTATIC FACE SEAL

The film portion of the orifice-compensated hydrostatic face seal will be analyzed
using equation 42.

B. TASK II - MAIN-SHAFT SEAL EVALUATION

1. INTRODUCTION

Task II has three objectives: the procurement of four seal assemblies of each
of the four seal designs after the designs are approved by the NASA project
manager, the design and procurement of test equipment capable of testing the
seals at the design conditions, and an experimental evaluation program for
each seal design.

2. SEAL PROCUREMENT

NASA approval of the externally pressurized hydrostatic seal was obtained during
the report period. Approval of the other three seal designs had been received
previously.
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Detail drawings of the face contact seal with piston ring secondary seal were
included in the first semiannual progress report (PWA-2863). Detail drawings
of the face contact seal with bellows secondary seal and of the orifice com-
pensated hydrostatic face seal were included in the second semiannual progress
report (PWA-2879). Detail drawings of the externally pressurized hydrostatic
face seal are included in the appendix of this report.

The first externally pressurized hydrostatic face seal was received on December
27, 1966, and is shown in Figures 14 through 19.

All seals are now available except the face-contact seal with bellows secondary
seal, which is expected on January 30, 1967.

Figure 14 Component Parts of Externally Pressurized Orifice-Compensated
Hydrostatic Face Seal Assembly CN-7466
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Figure 15 Seal Carrier from Externally Pressurized Orifice- Compensated
Hydrostatic Face Seal Showing the Three Inlet Holes for
Pressurizing Air Supply CN-7467
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Figure 16 Close-up View of the High-Pressure Compartment of the Externally
Pressurized Orifice-Compensated Hydrostatic Face Seal

CN-7471

Figure 17 Close-up View of Carbon Seal Ring Assembly of the Externally
Pressurized Orifice-Compensated Hydrostatic Face Seal Showing
One of the Four Annular Segments With Orifice and Bleed Hole
Annulus CN-7469
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Figure 18 Close-up View of Rear of Carbon Seal Ring Assembly of the Ex-
ternally Pressurized Orifice-Compensated Hydrostatic Face Seal
Showing an Orifice, Bleed Holes Without Orifice, and Anti-Torque
Pin Hole CN-7470

Figure 19 Externally Pressurized Orifice-Compensated Hydrostatic Face Seal
Assembly CN-7468
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3. TEST FACILITIES

The seal tests are being run in two test stands, each of which is completely en~
closed with the control panel and instrumentation located outside the test area.
The rigs are bed-plate mounted and driven by Ford industrial engines through
five-speed truck transmissions and 12 to 1 ratio gearboxes. Facilities for heat-
ing the oil required for the test are located in the test cell, and the heated air

is piped from electrical air heaters. A schematic diagram of the test facilities
is shown in Figure 20. Views of the test stands are shown in Figures 21 through
24. A general view of the mechanical components test area is shown in Figure
25, and the control panel for X-119 stand is shown in Figure 26. The seal test
rigs were designed to permit all seals to be tested without the use of special
adapters. All seals were designed with the same bolt circle and axial length.

AIR IN

L HEATER

BREATHER BREATHER
‘ BREATHER I BREATHER ORIFICES

5 SPEED

\

FORD 1 FORD

4
i

1201 ol
INDUSTRIAL HTRANS G/8 = BLEED
ENGINE (4?

CYLINDER
o out [ N

—_—

OlL IN

OIL
HEATER

Figure 20 Schematic Diagram of Seal Test Facility

The inert gas test rig will be a modification of one of the seal test rigs and will
be used to test the three best seals in a nitrogen atmosphere. The modifications
required are shown in Figure 27. All of the parts required for the modification
have been procured. The rig will be assembled after the endurance test phase
of the program has been completed.

A current seal test rig was modified to develop the instrumentation techniques
necessary to measure seal-face-generated torque and seal axial forces. All
parts were procured during the previous six-month period, and testing was
started early in the current report period. A schematic diagram of the instru-
mentation validation rig is shown in Figure 28,
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Figure 21 Over-all View of X-81 Stand Showing Test Rig, Gear Box, and
Drive Engine CN-5980

Figure 22 Installation of Main-Shaft Seal Rig in X-81 Stand CN-7081
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Figure 23 Over-all View of X-119 Stand Showing Main-Shaft Seal Rig B,

Gearbox, and Drive Engine CN-6928

Figure 24 Close-up View of Seal Rig B in X-119 Stand CN-6929
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Figure 25 Mechanical-Components Test Area Where Main-Shaft Seal Rig Test
Program is being Conducted CN-7079

T 1]

Figure 26 Control Panel for X-119 Test Stand CN-6930
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INSULATION
REMOVED

ORIGINAL DOME
COVER

\?‘\77 \ 0. N
DOME MOVED

TO ACCEPT ADDED
PARTS

'LAl
I == = = 5
\ lit\ """"

Y e
Ak

U ORIGINAL

7 e DOME COVER

N
] LONGER BOLT

Figure 27 Modifications Required to Seal Test Rig for Inert Gas Testing.
Changes are Shown by Shading.
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| SEAL PLATE
2 ACCELEROMETER

3 SEAL ASSEMBLY
4 PISTON ROD

5 CYLINDER AND PISTON
ASSEMBLY
6 PROXIMITY PICKUP

Figure 28 Instrumentation Validation Rig
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a.

4. EXPERIMENTAL PROGRAM

PWA-2996

RUBBING CONTACT FACE SEAL WITH PISTON RING SECONDARY SEAL

Six builds of the rubbing contact face seal with piston ring secondary seal have

been tested.

Builds 1 and 2 - The results of the first build and of the dynamic tests of the

second build were presented in the second semiannual report (PWA-2879) and are
summarized in Table II together with the results from the other tests conducted
during the period. These tests were run at various rubbing speeds using ambient

air temperature and oil at 250°F. Table III presents the results of the pretest
and post-test inspection data.

Simulated engine operation tests were run on Build 2 using oil at 250°F and gas
at 800°F. The tests were performed at static conditions and at surface speeds

of 200 and 300 ft/sec.

50

30

e ]
[0 AMBIENT AIR | :

300 FT SEC
O 800°F AIR

The effect of temperature on leakage at a rubbing speed
of 300 ft/sec is shown in Figure 29. As shown, the effect is negligible.
effect of speed on leakage is shown in Figure 30. The effect is negligible for

The
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Figure 29 Effect of Temperature on Seal Leakage of Carbon Face Seal With
Piston Ring Secondary Seal (Build 2)
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Figure 30 Effect of Surface Speed on Seal Leakage of Carbon Face Seal With
Piston Ring Secondary Seal (Build 2)
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. FACE CONTACT SEAL WITH 1]
Other
l Build Seal Carbon Special
No. Plate Seal Features PCO SEO 20 Hr. En
1 New New - wide carbon 19.5 1b. Spring Load X
' lip.
' 2 New Carrier from Bld 1 Enlarged inlets to X X
with new carbon seal plate oil holes
0.150 in. lip.
' 3 Relapped plate New - incorrect seal Oil jet mamrold in X
from Bld 1 with lip width. seal area
enlarged holes
' 4 Used plate from Used - from Bld 3 X
Bld 3 reworked to correct
' lip width - relapped
5 Relapped plate Used - from Bld 4 Increased oil flow to X
from Bld 4 roller brg & seal
l plate oil scoop.
Additional jet to
roller brg.
l 6 Used plate from New X
Bld 5
l Note: Unless stated otherwise, all carbon lips are 0.155 in. wide, all springs 30 1b. load.
PCO = Preliminary Check Out
l SEO = Simulated Engine Operation
' 32+



TABLE II

ISTON RING SECONDARY SEAL TEST SUMMARY

- Tests -~
1. Cyc. End. Max., Cap. Inert Gas

Reason for
Test Termination

Condition After Test

Seal Plate

Excessive air
leakage - amb.
air temp.

Excessive air
leakage - amb,
air temp.

Excessive air
leakage - 800F
air

Excessive air
leakage - 800 &
1000F air temp.

Excessive air
leakage - 800 &
1000F air temp.

Completed limited
running of SEO
with 250°F oil

Excessive wear

Very sl. wear

Polished - Small
am't, carbon var-
nish - slight de-
pression in wear
track.

B

PAGE NO. 32 -2

Carbon Seal

0.0002 in wear

Excessive wear
0.0256 in wear

0.0060 in. wear

0. 0020 in. wear

Carbon deposits
on seal.
0.0025 in. wear

0. 0022 in. wear
good condition

PWA-2996

Test
Hours

16. 00

50, 00

5.75

9.75

14,75

101. 73



l PRATT & WHITNEY AIRCRAFT
FACE CONTACT SEAL WITH
POST-TEST PERFO]
Build No. 1 1 2
l Test Condition Pre Post Pre
Units
Static Seal Leakage
At assembly - 80 psig SCFM 0.13 0. 56 0.05
At test stand - 20 psig SCFM <1l.2 <1.2 <1.2
40 SCFM <1..5 £1.5 <1.5
60 SCFM <1.8 1.9 <1.8
80 SCFM <1.9 3.0 <1.9
100 SCFM <2.2 3.6 2.4
120 SCFM 2.7 3.9 3.1
140 SCFM 3.4 3.4 3.6
160 SCFM 4.1 3.8 4,0
180 SCFM 4.9 4.6 4.5
l 200 SCFM 5.4 6.1 5.1
220 SCFM 5.6 7.5 5.7
240 SCFM 5.7 9.0 6.3
260 SCFM 7.0 10.2 6.6
. Spring Rate in Assembly 1b/in. 52. 3% 34, 7% 30, 0%
Total Spring Force (no piston rings)
Tare wt (seal face assy) 1b 1.85 1.77 1.74
Total Load (normal ..
assembled length) b 13.35 13.95 26,33
Total Load (operating length) 1b 19. 60 18.20 32.2
Total Load (fully compressed) b 29,50 24, 50 36.49
' Hydraulic Loading from Seal
Unbalance of Test Stand with
Springs and Piston Rings
Installed
20 psig b 36, 6% 8.9% *x
40 1b 38.1% 30, 9% *%
60 b 47, 0% 36. 0% *k
80 b 59, 0% 47, 0% *ok
100 b 69, 5% 75, 5% *k
120 1b 90. 3* 61,1% *x
140 1b 87. 4% 81.1%* *k
160 1b 93.6% 79. 0% *%
180 b 116, 5* 51, 0* *x
l 200 b 123,2% 64, 8* *k
220 b 121, 8% 82, 7* **
240 Ib 128. 5% 72.6% *¥
260 1b 138. 0* 82, 7* **
l Carbon Dam Height
0° in. 0.1014 0,1014 0.0953
90° in. 0.1011 0.1009 0.0953
. Avg 0.1013 0.1011 0.0954
Flatness
Seal plate He lt. bands <2 9 1
Carbon He lt. bands 1 9 3
' Remarks (19 1b spring load) (32 1b sp1
*Questionable data
. **Data not taken -~ await validation rig study
' 3} ‘,
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ANCE AND INSPECTION SUMMARY

TABLE

m

PISTON RING SECONDARY SEAL PRETEST AND

Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive
Excessive

*x
*%
*ok
*k
*k
*k
*k
*%
*k
*k
*k
*x
*x

0.0664 0.
0. 0690 0.
0. 0698 0.

too rough
too rough

ing load)

1A
g

-

[

o

gw»r—-w»—-»—-»—-
: N .
3 U1 O NWw NN

-
<

94.3

52.3

%
*k
*k
*k
*k
%
*ok
*k
*k
*%

0972
0972
0971

4
4

Post

I\

4.0

27.3
48.6
70.0
94.6
2132, 0
2132.0
2132.0
2132.0
2132.0

*k
*k
**
*%
*%
*k
*k
*k
*x
*%

0.0911
0.0912
0.0911

on rig
too rough

IA

NH(DQG’:PWND—‘HI—‘
[T-RES B S RET-N U RS S R - e 2]

[

—

*%
*ok
*x
*%
ok
*k
*x
*x
*k
*x

0. 0941
0. 0957
0. 0953

5
4 to
5

v

53.5
1.8

27.2
34.0
44.5

*k
Kok
*k
*k
Kk
*k
*k
ok
*k
*k

0.0920
0, 0938
0.0933

too rough
too rough

Pre

IA
by

-
Y o« o
W OWYWWhdD»WWNDD

DO G R W
N P

.

%
*k
*k
%
**
Hok
*k
*k
ok
*%

0.0895
0.0895
0.0900

5
4 to
5

R

Post

DO
= o

s TS
WNWOdMHIn DO o®

N

WL
Qi Q3 =3

o
.

<

-3 (5.
N =3 O =
e .

50.9

*k
**
*k
*k
*ok
*k
*%
£k
*%
*k

0, 0870
0. 0871
0, 0875

onrig
too
rough

6 6
Pre Post
1.1 2.9
<1.2 Data
<1.5 Not
<1.8 Taken
2.3
2,9
4.3
4.1
6.7
11.8
14.3
47.9 47.9
1.9 1.9
28.5 28.5
34,0 33.7
42,5 42.3
*k %k
*k *%
x% ok
*% *k
*% *k
*% *k
Kk ¥k
*% %
*k *k
*% *x
0.0972 0. 0953
0.0967 0. 0938
0.0970 0.0948
onrig too rough
3 too rough
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low seal pressure differentials, but at higher pressure differentials, the leak-

age rates with speeds of 200 or 300 ft/sec are significantly higher than that for
static conditions. It is also apparent that some difference exists for the two speeds
at which testing was conducted, although the difference is small.

An attempt was made to test with a rubbing speed of 400 ft/sec, but excessive
leakage occurred, and the test was terminated. Inspection revealed excessive
seal wear, which necessitated removal of the rig. Test time at this point
totalled 50 hours. Inspection of the disassembled rig revealed a groove approx-
imately 0. 010 inch deep in the wear track of the PWA-771 LC1C-coated seal
plate. Carbon lip wear was approximately 0.025 inch which corresponds to the
relatively high wear rate of 50 mils per 100 hours. Hardness testing of the

seal plate indicated Rc hardness values of 69 in the groove, 67.5 on the surface,
and 51 on the rear side. The specification for the material requires a hardness
of Rc 48 to 55 for the base material and a hardness of Vickers 650 to 1000 (Rc
58 and higher) for the LC1C hardface. The appearance of the Build 2 compon-
ents after testing is shown in Figures 31, 32, and 33.

Figure 21
50 Hours of Simulated Engine Operation With Air at 800°F and Oil
at 250°F (Build 2) Showing Carbon Wear Track on Seal Plate
Hardface (Linde LC1C) XP-67042

PAGE NO. 34




PRATT & WHITNEY AIRCRAFT PWA'2996

Figure 32 Carbon Face Seal With Piston-Ring Secondary Seal After 50 Hours
of Simulated Engine Operation With Air at 800°F and Oil at 250°F
(Build 2) XP-67041

Figure 33 PWA 771 Seal Plate With LC1C Hardface After 50 Hours of
Simulated Engine Operation Against Carbon Face Seal With Piston-

Ring Secondary Seal With Air at 800°F and Oil at 250°F (Build 2).

Note Groove Worn Through Hardface in Carbon Seal Wear Track
XP-67180
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Build 3 - The third build was completed on August 26, 1966, This build incorporated
a new carbon seal assembly and the seal plate from Build 1, which had been re-
lapped and modified to provide larger oil cooling holes. In addition, Build 3
incorporated an oil spray manifold to direct cooling oil at the rear side of the
carbon seal carrier. The build was run for 5. 75 hours, but excessive leakage
occurred at seal pressure differentials above 120 psig (see Figure 34). Post-
test inspection of the carbon seal assembly revealed deterioration of the carbon
lip surface. The lip wear was 6. 0 mils after only 5. 75 hours of running. In-
spection of the seal assembly dimensions revealed that the carbon lip outer
diameter was 0. 036 inch above the specified size, which resulted in a geometric
area ratio unbalance of 0,57 instead of the required 0.65. The appearance of
the seal after testing is shown in Figures 35 and 36.

80
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70 RUNNING AGAINST OIL COOLED SEAL PLATE T561154 270808
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8&WA 524 OIL & 250°F
RIG 29360 D-3 X-8)
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Figure 34 Leakage Calibration Results for Carbon Face Seal With Piston-Ring
Secondary Seal (Build 3)

PAGE NO. 36



PRATT & WHITNEY AIRCRAFT PWA-2996

Figure 35 Carbon Face Seal With Piston-Ring Secondary Seal After 5. 75 Hours
of Simulated Engine Operation With Air at 800°F and Oil at 250°F
(Build 3) XP-68386

Figure 36 Carbon Face Seal With Piston-Ring Secondary Seal After 5. 75 Hours
of Simulated Engine Operation With Air at 800°F and Oil at 250°F
(Build 3) XP-68387

PAGE NO. 37



PWA-2996

PRATT & WHITNEY AIRCRAFT

Build 4 - Subsequently, the carbon seal lip was machined to the proper dimensions,
lapped, and reinstalled in the rig. Testing was resumed on Build 4, and the results
obtained are shown in Figure 37. The seal performed well for 9. 75 hours when

an abnormal increase in air leakage rate caused the breather temperature and
pressure to increase excessively. At the time of the increase, the seal was

being tested at a rubbing speed of 400 ft/sec, a pressure differential of 160 psi,

air at 1000°F, and oil at 325°F. Post-test examination revealed that the carbon

lip surface was in an unsatisfactory condition. Carbon wear was 2 mils for 9. 75
hours of testing. The seal plate also showed some signs of wear in the carbon

lip wear track. The appearance of the seal assembly after Build 4 testing is
shown in Figures 38 and 39.
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Figure 37 Leakage Calibration Results for Carbon Face Seal With Piston-Ring
Secondary Seal (Build 4)
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Figure 38 Carbon Face Seal With Piston-Ring Secondary Seal After 9. 75 Hours
of Simulated Engine Operation (Build 4) XP-68849

Figure 39 PWA 771 Seal Plate With LC1C Hardface After 9.75 Hours of
Simulated Engine Operation Against Carbon Face Seal With Piston
Ring Secondary Seal (Build 4) XP-68850
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Build 5 - The carbon seal assembly and seal plate from Build 4 were relapped and re-
installed in the test rig. Also, an oil jet to supply additional cooling oil to the front rig
roller bearing was installed. The under-race cooling oil flow to the roller bearing
inner race and seal plate oil scoop was increased from 15 ppm to 24 ppm. Test-

ing of Build 5 was started on October 27, 1966. This build was tested with an

inlet air temperature of 1200°F, and the results are shown in Figure 40. A

total of 14. 75 hours of operation was accumulated on this build before testing

was terminated by excessive seal air leakage. The conditions at the last point

were a rubbing speed of 300 ft/sec, a pressure differential across the seal lip

of 40 psi, inlet air temperature of 1230°F, and oil at 215°F. Air leakage was

32.2 scfm.

Post-test examination revealed that the carbon lip was slightly scored and that
the carbon lip wear was 2.5 mils for the 14. 75 hours of test time. The carbon

~ seal assembly moved freely in the carrier and showed no evidence of excessive
piston ring friction. However, the seal assembly air leakage in the pressure
test fixture at 80 psi was 5.8 scfm. Consequently, the carbon lip profile was
examined in the metrology laboratory. It was found that the surface was ap-
proximately 0. 00050 inch out of flat. The surface had assumed a conical shape
with the outside edge an average of 0.00045 inch higher than the inside edge.
The seal plate was in good condition, although the carbon lip wear track was
polished with small amounts of carbon-varnish deposits.

Build 6 - The last build tested during the report period employed a new carbon seal
assembly and the same seal plate used for Build 5. Testing was conducted at a
rubbing velocity of 300 ft/sec with oil at 250°F. Seal air pressure differentials

up to 200 psi were used, and the air temperature was increased from 800 to

1200°F during testing at each pressure level. Test results are shown in Fig-

ure 41. As shown, the seal leakage increased sharply when the temperature

was increased from 800°F to 1200°F at pressures above 100 psi. At 800°F,

the seal performance was marginal at pressures of 200 psi and above. At

1000°F, performance became marginal at 140 psi, and at 1200°F, performance
became marginal at 120 psi.

Following these tests, the seal assembly was removed from the test rig for in-
spection prior to testing with an oil temperature of 450°F. Static leakage of the
assembly at 80 psi revealed a leakage rate of 2. 85 scfm. Inspection of the
carbon seal face found it in good condition with wear of 2.2 mils for the 101. 75
hours of test time accumulated. The seal plate wear track was polished with
small amounts of carbon varnish deposits and a slight depression (0. 0005 in.
deep) was found in part of the carbon wear track.
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b. ORIFICE-COMPENSATED HYDROSTATIC FACE SEAL

Seven builds of the orifice-compensated hydrostatic face seal have been tested,
all within the current six-month report period. The results of testing each
build are summarized in Table IV, and pretest and post-test inspection data are
summarized in Table V.

Build 1 - Testing of the first build was started in August 1966. Static leakage was
72 scfm at 60 psi, which is excessive, and running the seal at a rubbing velocity
of 160 ft/sec for one hour and 240 ft/sec for one-half hour using air at room temp-
erature at pressures up to 60 psi did not reduce the leakage rate. The static leak-
age rates recorded by the Stein Seal Company after testing of this build are shown
in Figure 42. Inspection of the seal plate revealed that the outer edge of the carbon
seal face had been rubbing against the seal plate. Subsequently, the Stein Seal
Company performed a static pressure test and found the leakage to be considerably
less than that measured in the test rig.

35
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Figure 42 Leakage Calibration Results for Orifice-Compensated Hydrostatic
Seal (Build 1)
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ORIFICE COMPENSATED HY

New

Used - from Bld. 1

Used - from Bld. 2

Used - from Bld. 3

New

New spring loaded
plate

Used - from Bld. 6
spring loaded plate

PCO = Preliminary Check Out
SEO = Simulated Engine Operation

New - carbon lip
design incorrect

Used - from Bld. 1
carbon lip design
incorrect

Used - from Bld. 2

= [P PR
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incorrect.

New - correct carbon
lip design.

New - correct carbon
lip design

New - correct carbon
lip design

Used - ex Bld. 6
relapped

49

T/C's connected to
seal

No T/C's connected
to seal

No T/C's connected

4n aaanl

No T/C's connected
to seal

No T/C's connected
to seal

No T/C's connected
to seal

No T/C's connected
to seal

Other
Build Seal Carbon Special
No. Plate Seal Features PCO SEO 20 Hr. E

X



TABLE IV

DROSTATIC FACE SEAL TEST SUMMARY

| - Tests - Reason for
nd. Cyc. End. Max, Cap. Inert Gas Test Termination

Condition After Test

Seal Plate

Excessive leakage

Excessive leakage

Excessive leakage

Excessive leakage

Rub at 320 ft/sec
and 80AP

Rub at 400 ft/sec
and 60 AP

Rub at 400 ft/sec
and 80 AP

¥

Slight rubbing
on outer lip

Good

Good

Good

Severe burn marks

Severe burn marks

Severe burn marks

pace no. 44 T

Carbon Seal

Good

Good

Good

Good

Severe wear

Severe wear

Severe wear

PWA-2996

Test
Hours

1.5

4.25

6.50

6.00

7.30

5.41
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Build No.
Test Condition

Static Seal Leakage

At assembly - 80 psig
At test stand - 20 psig
40 psig

60 psig

80 psig

100 psig

120 psig

140 psig

160 psig

180 psig

200 psig

220 psig

240 psig

260 psig

Spring Rate in Assembly

Total Spring Force (no piston rings)
Tare wt (Seal face assembly)
‘Lotas LOad (NOrmal assemuied

length)
Total Load (Operating length)
Total Load (Fully compressed)

Hydraulic Loading from Seal
Unbalance of Test Stand with
Springs and Piston Rings
Installed
20 psig
40 psig
60 psig
80 psig
100 psig
120 psig
140 psig
160 psig
180 psig
200 psig
220 psig
240 psig
260 psig

Carbon Dam Height
00
90°
Avg

Flatness
Seal plate
Carbon

Units

SCFM
SCFM
SCFM
SCFM
SCFM
SCFM
SCFM
SCFM
SCrM
SCFM
SCFM
SCFM
SCFM
SCFM

Ib/in.

Ib

i

b
Ib

Ib
Ib
b
b
1b
1b
b
Ib
b
b
1b
Ib
Ib

in.
in,
in.

He 1t. bands
He lt. bands

*Data not taken - await validation rig study

pal

Pre

29.4
52.1
72.2
95.5
121.5
139.2
>139.2
>139.2
>139.2
>139.2

16.75

3.44

-

5.3
8.4

* R X H X A X * X X

0. 0550
0, 0549
0. 0549

11

45

ORIFICE-COMPENSATE!
AND POST-TEST PERF!

1 2
Post Pre
D -
A 32.6
T 54,0
A 73.1
95.5
N 125.0
0O >125
T >125
>125
T >125
A >125
K -—
E -
N -
Same as Same as

—~ v
Lrussu

v sva
AsLa

LR R R K N R S I

Same Seal
as
Build 1

2
Post

Ho=Z »H>U

ZHR>A

Same as

n

e21A

1
2

and

0. 0550
0, 0547
0. 0549



' TABLE V

P HYDROSTATIC FACE SEAL PRETEST
JRMANCE AND INSPECTION SUMMARY

3 3 4 4 5
Pre Post Pre Post Pre
- D - D 2.8
| 3.4 A 1.8 A <1.7
7.1 T 5.2 T 3.4
12.7 A 7.5 A 5.3
18.2 11.0 6.9
| 28.5 N 17.2 N 10.5
' 37.5 e} 24.0 o 13.0
45.8 T 28,2 T 19.0
51.0 33.0 24.0
59,3 T 38.0 T 27.8
67.3 A 44,2 A 34,0
— K - K -
— E - E -
- N - N -
16.75 13.35
3.44 Same as 3.4 Same as 3.42
4,25 BuLLas 4, ( Duild Saute as
5.3 1 and 5.6 4 Build
8.4 2 7.7 4
* * *
* * *
* * *
* * *
* * *
* * *
* * *
* * *
* * *
* * *
0. 0550 0. 0551 0. 0599 - 0.0613
0. 0547 0, 0550 0. 0598 - 0. 0614
0..0549 0. 0550 0. 0598 - 0.0613
- - - - 8
5 4 5 - <1

Post

2.6
13.2
36.0
48.6
82.6

108.8
>126.6
>126.6
>126.6
>126.6

Same as
uu;:.\:a

4 and
5

Seal
failed

Seal
failed

s e

WO@Q?»&NI—‘N
S I O

—

—

—
[y
.

2

3.43

~ e
vay @

Builds 4
and 5

LR I K BB R AR

0. 0597
0. 0596
0. 0596

2to 10

<2

b

6 7
Post Pre
-- 3.92
9.2 1.0
26.0 1.9
52.0 2.5
80.0 4.7
106.3 5.9
>119 7.6
>119 9.3
>119 10.8
119 12.0
119 14.4

3.43 Same as

o P - ™13~

eaie -l

Builds 4 4, 5

and 5 and 6
*
*
*
*
*
*
*
*
*
*
Seal 0. 462
failed 0.461
0. 461
Seal Checked
failed by
Vendor

pace no. 45 =2

Same as
Daildn

4, 5
and 6

L R EE R R IR R R R

Seal
failed

Seal
failed
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Build 2 - In view of this result and the light spring loading on the seal assembly, it
was thought that the thermocouple instrumentation could possibly have restrained
the carbon seal from following the seal plate. Consequently, this instrumenta-
tion was omitted from Build 2. However, excessive air leakage still occurred

at both static and dynamic conditions. Post-test inspection revealed that an
auxiliary flange seal in the rig was contributing to the high leakage.

Build 3 - The rig seal problem was eliminated and testing of Build 3 was commenced
in late September 1966. Static and dynamic leakage rates were still high, however,
as shown in Figure 43. Inspection of the seal and seal plate revealed no damage or
signs of wear.

T T T

ROOM TEMPERATURE AIR
SEAL ASSEMBLY SKZ65148
70 RUNNING AGAINST STEIN SOLID SEAL PLATE SKZ70319

RIG B293600 X-119 /?
60

C STATIC - BEFORE CALIBRATION

0160 FT 'SEC (5,430 RPM)
40 /
30
y $KZ703313
$KZ70319
20

L=

0 20 40 60 80 100 120 140 160 180 200
PRESSURE DROP ACROSS SEAL (PS1)

AIR LEAKAGE (SCFM)

Figure 43 Leakage Calibration Results for Orifice-Compensated Hydrostatic
Seal (Build 3)
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Build 4 - For Build 4, the Stein Seal Company provided a new seal with a revised
carbon lip which produced an improved restoring force characteristic when the
seal moves from its design face opening clearance. The new seal was tested,
but, as shown in Figure 44, leakage was still excessive. Inspection of the seal
and seal plate revealed no damage to either component. The seal was then
tested in the Pratt & Whitney Aircraft static-pressure test fixture. The leakage
rate was significantly lower than in the rig. At a pressure of 80 psi, leakage in
the test fixture was 3.2 scfm, whereas at the same pressure in the rig, the leak-
age had been 11.0 scfm. Subsequently, the Stein Seal Company conducted a static
leakage calibration and obtained the following results:

Pressure (psi) Leakage (scfm)
80 5.2
100 5.4
200 11.7
80 T T T
-TEMPERATURE AIR
BLY SKZ71284
AINST STEIN SOLID
70 SE KA Y anp
s: 10/4/66 - 10/7/66 //
60 7
z /
v S0
v
s .
<2 /(
40
b4
2 / r
| /q
& 30 J/
< j/ﬁ
20 /t
p ] STATIC - BEFORE CALIBRATION
10 O SEAL RUBBING VELOCITY: 160 FT/SEC. (5,430 RPM)
A SEAL RUBBING VELOCITY: 240 FT/SEC. (8,145 RPM)
0 = | ] ] | ]
e 20 40 60 80 100 120 140 160 180 200

PRESSURE DROP ACROSS SEAL (PSI)

Figure 44 Leakage Calibration Results for Orifice-Compensated Hydrostatic
Seal (Build 4)
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The seal plate was dimensionally inspected by means of an electro-probe. The
peculiar shape of the seal plate precluded use of a standard optical flat. The
face of the seal plate was found to be flat within 0. 000012 to 0. 000015 inch FIR,
and to be conical with the outside edge 0. 000015 to 0. 000020 inch higher than
the inside edge. This flatness was within the specified flatness of 0. 000020
inch FIR.

Since the face seal was found to meet specifications, the effect of assembly
procedure was investigated. The seal plate and hub were assembled with the
hub nut torqued to 2000 inch-pounds plus 30 to 35 degrees of rotation. The

plate was then checked for flatness and was found to be out of flat by 0. 0008 to

0. 0010 inch FIR and to be conical with the outer edge being 0.000040 to 0. 000080
inch higher than the inner edge. Subsequently, the flatness was checked with the
hub nut torqued to 2000 inch-pounds plus 5 to 10 degrees of rotation. This pro-
cedure resulted in the plate being out of flat by 0. 00045 to 0. 00063 inch FIR and
to be conical with the outer edge 0.000040 to 0. 000060 inch higher than the in-
ner edge.

Build 4 was also used to measure the static pressure profile in the orifice-
annulus segments in the carbon seal lip. The probes were positioned 10, 30,
and 50 degrees from the orifice holes, and pressures were measured with
pressure differentials across the seal ranging from 20 to 200 psi. The results
will be correlated with analytically predicted annulus pressures. The carbon
seal ring and the assembled seal instrumented for these tests are shown in
Figures 45 and 46, respectively.

Build 5 - For Build 5, a new seal plate and windback shroud were installed on the
hub. The hub assembly was selectively stacked and the hub nut was torqued to 2000
inch-pounds plus 5 to 10 degrees of rotation. Following assembly, the seal

plate was flat to within 0. 000074 to 0. 000090 inch and was conical with the outer
edge 0. 000011 to 0. 000038 inch higher than the inner edge. A static leakage
check in the rig, using air at ambient temperature and a pressure of 200 psi
resulted in a leakage rate of 34. 0 scfm (see Figure 47). The first dynamic test
was run at a rubbing speed of 160 ft/sec, and the leakage rate was 59. 8 scfm
with a pressure differential of 200 psig. The second dynamic test was run at -

a rubbing speed of 240 ft/sec, and the leakage rate was 40 to 50 percent less
than in the preceeding test at each pressure. The third test was run at 320 ft/
sec and the leakage was negligible at a pressure differential of 60 psi (less than
1.2 scfm). When the pressure differential was increased to 80 psi, however,

the seal opened and the leakage increased suddenly to 41.4 scfm. The test

was terminated, and the seal was removed for inspection.

Inspection of the seal revealed a smooth lapped wear path on the outer lip of
the carbon, whereas the inner lip was worn and rough. The outer edge of the
seal plate face was polished, but the inner edge showed four, distinct, equidis-
tant burn marks.
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Figure 45 Carbon Seal Ring of Orifice-Compensated Hydrostatic Seal (Build 4)
Instrumented for Measuring Annulus Pressures CN-7078

Figure 46 Orifice-Compensated Hydrostatic Seal (Build 4) Instrumented for
Measuring Annulus Pressures CN-7077
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Build 6 - Build 6 was completed during November 1966 and incorporated both the
revised seal design and a new spring-loaded floating seal plate (see Figure 48). The
seal plate hub assembly was checked for flatness and found to be flat within

0. 000035 to 0. 000045 inch and conical with the outer edge 0. 00007 to 0. 00009

inch higher than the inner edge. The carbon seal face was flat within 0. 000020

inch and the seal plate runout was 0. 002 inch.

WINDBACK SHROUD
SEAL PLATE

WAVE SPRING

HUB

R

SLEEVE
ANTI-TORQUE PIN

- &
Figure 48 Stein Seal Company Spring~Loaded Floating Seal Plate Design

Static testing with a pressure differential of 200 psi and an ambient air tempera-
ture resulted in an air leakage rate of 17.2 scfm (see Figure 49). Dynamic test-
ing with a rubbing speed of 160 ft/sec resulted in a leakage rate of 51. 6 scfm at
a pressure differential of 200 psig, and, at 300 ft/sec, the leakage rates at each
pressure were approximately 50 percent of those obtained at 160 ft/sec. As the
speed was being set for testing at 400 ft/sec with a pressure differential of 60
psi, however, the seal leakage suddenly increased to an excessive level. The
test was terminated, and the hub and seal assemblies were removed for inspec-
tion. Inspection revealed essentially the same conditions as those found after
testing Build 5. The assemblies were sent to the Stein Seal Company for in-
spection and refinishing as required.
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Build 7 - The Stein Seal Company relapped the carbon seal and seal plate, and these
parts were incorporated into Build 7. The static leakage test resulted in a leakage
rate of 14. 5 scfm at a pressure differential of 200 psi with ambient air tempera-
ture (see Figure 50). Dynamic testing at a rubbing speed of 400 ft/sec resulted

in a leakage rate of 54. 0 scfm with a pressure differential of 200 psi. Decreas-
ing the pressure differential to 100 psi reduced the leakage rate to 27. 0 scfm.

The pressure differential was then reduced to 80 psi, but after about eight

minutes, the leakage rate increased suddenly. A static check was performed,

and the leakage for this condition was also excessive.

The seal was removed and inspected. The seal was found to have a smooth,

lapped wear path on the outer lip of the carbon, but the inner lip was worn and
rough. The outer edge of the seal plate face was polished, but the inner edge
showed four, equidistant burn marks. Hence, this failure was essentially the

same as that for Builds 5 and 6. The appearance of the seal components after
Build 7 testing is shown in Figures 51 and 52.

c. INSTRUMENTATION VALIDATION RIG

Testing is being conducted to develop instrumentation for measuring seal wear
without disassembling the rig and to measure seal torque during testing. The
method being studied to measure seal wear involves measuring the displace-
ment of the seal loading pistons with Bently probes. For the first test, the rig
was run for 16. 75 hours at a rubbing speed of 300 ft/sec and a pressure differ-
ential of 20 psi, with the air at ambient temperature. The probe data indicated
zero wear, with an accuracy of 1 mil because of piston vibration. The actual
wear was 0.2 mil. After running for 14. 50 hours at a rubbing speed of 400
ft/sec and the same pressure differential and air temperature, one probe indi-
cated a seal wear of 3.4 mils, the second indicated 10. 3 mils, and the third
was inoperative. Actual wear was 0.2 mils. The inconsistencies were caused -
by vibration of the pistons when they were in contact with the seal. The vibra-
tions varied in amplitude to a maximum of 10 mils at frequencies considerably
below the rig speed. Increasing the spring preload reduced the peak vibration
amplitude to 6 mils and increased the vibration frequency to rig speed. Con-
sequently, stiffer springs will be installed when they are available.

The rig was then run at a rubbing speed of 200 ft/sec with ambient air tempera-
ture and pressure differentials ranging from 20 to 200 psi. It was found that
the total displacement of the cylinders was dependent on the seal air pressure,
apparently because of axial displacement of the rig bearing with changing thrust
load. With a seal pressure differential of 20 psi, the average travel was 27.6
mils, whereas with a seal pressure differential of 200 psi, the average travel
was 20. 0 mils. The movements of the three pistons, however, were within

1 mil of each other at all times. Considerable additional experimentation will
be required to develop this technique to an acceptable level of accuracy.
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Figure 51 Orifice-Compensated Hydrostatic Seal Hub Assembly After 5.50
Hours of Build 7 Testing
Note Burn Marks on Seal Plate Hardface CN-7422
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Figure 52 Orifice-Compensated Hydrostatic Seal Hub Assembly After 5.50
Hours of Build 7 Testing CN-7423

PAGE NO. 56




PRATT & WHITNEY AIRCRAFT PWA-2996

Initial attempts to use the torque measuring device revealed that the transducers
being used were too large. The transducers had a range of 0 to 100 1b, whereas
the measured loads were on the order of 3 1b. In addition, vibration introduced
errors in the transducer readings. An attempt was made to eliminate the vi-
bration problem by deadweight loading the force arms. Testing, however, re-
vealed that the deadweight loads had not been distributed equally between the
two force transducers. The vibration was still excessive, and some of the
vibration was being caused by the deadweight cable system. An attempt will

be made to balance the loads between the transducers, and the transducer
mounting system will be changed to reduce vibration. In addition, new trans-
ducers with a smaller load range will be procured.
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APPENDIX

Externally Pressurized Hydrostatic
Seal Design Drawings
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SECTION A-A

SECTION B-B

Figure 53 Externally Pressurized Hydrostatic Seal Assembly (Stein Seal Co.
No. 2991-P1)

SECTION B-B

SECTION A-A

Figure 54 Seal Carrier for Externally Pressurized Hydrostatic Seal (Stein
Seal Co. No. SSCY 2993-1)
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Figure 55 Assembly Guard for Externally Pressurized Hydrostatic Seal
(Stein Seal Co. No. SKZ 70716-C)

SECTION A-A

Figure 56 Seal Assembly for Externally Pressurized Hydrostatic Seal (Stein
Seal Co. No. SSCY 2998)
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SECTION A-A

Figure 57 Steel Band for Externally Pressurized Hydrostatic Seal (Stein Seal
Co. No. SSCY 2998-1)
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SECTION A-A

Figure 58 Seal Ring for Externally Pressurized Hydrostatic Seal (Stein Seal
Co. No. SSCY 2998-2)
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Figure 59 Shroud Windback for Externally Pressurized Hydrostatic Seal
(PWA No. SKZ 70714-C)
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SECTION A-A

[

Figure 60 Piston Ring (Large Diameter) for Externally Pressurized Hydrostatic
Seal (Stein Seal Co. No. SSCY 299304)
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Figure 61 Piston Ring (Small Diameter) for Externally Pressurized Hydrostatic
Seal (Stein Seal Co. No. SSCY 2993-5)
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VIEW X

Figure 62 Seal Plate for Externally Pressurized Hydrostatic Seal (PWA No.

SKZ 70711-C)
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Figure 63 Orifice for Externally Pressurized Hydrostatic Seal (Stein Seal Co.

No. SSCY 2998-3)
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